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Abstract The increasing applications of seawater
desalination technology have led to the wide usage of
polyamide reverse osmosis membranes, resulting in a large
number of wasted reverse osmosis membranes. In this
work, the base nonwoven layer of the wasted reverse
osmosis membrane was successfully modified into the
hydrophobic membrane via surface deposition strategy
including TiO, and 1H,1H,2H,2H-perfluorooctyltrichloro-
silane (PFOTS), respectively. Various techniques were
applied to characterize the obtained membranes, which were
then used to separate the oil-water system. The optimally
modified membrane displayed good hydrophobicity with a
contact angle of 135.2° + 0.3°, and its oil-water separation
performance was as high as 97.8%. After 20 recycle tests,
the oil-water separation performance remained more than
96%, which was attributed to the film adhesion of the
anchored TiO, and PFOTS layer on the surface. This work
might provide a new avenue for recycling the wasted
reverse osmosis membrane used in oily wastewater
purification.
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1 Introduction

The world is facing a severe water crisis as population
growth and water demand exceed the conventionally
available water resources [1]. In the ‘2020 United
Nations World Water Development Report”, the United
Nations Educational, Scientific and Cultural Organization
highlighted that the global water consumption has
increased by 6 times in the past 100 years. This
consumption is affected by several factors such as
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population  growth, economic development and
consumption patterns. This rate is still growing steadily at
about 1% per year [2]. The pollution and the increasing
shortage of drinking water resources have also pushed the
quest for alternative resources, such as local and imported
surface water, groundwater, desalinated brackish water,
desalinated seawater and recycled water [3—5]. Membrane
technology can facilitate freshwater production from all
those resources [6—8]. Consequently, reverse osmosis
(RO) is the most commonly used technique for
desalination worldwide, primarily because of its process
maturity, reliability, simplicity and current low costs. RO
offers a higher water recovery and lower energy
consumption than other available desalination processes
[9-12]. It already accounts for 44% of the global
desalination production capacity and 80% of installed
desalination plants worldwide [13], with the installed
capacity reaching 9.74 x 107 m*-d™! in 2018 [14]. The
RO membranes generally last for five to seven years [15].
Thus, the increase in the applications of RO membranes
also means an increase in the disposal of water
membranes. Every year, more than 840000 scrap RO
membrane modules (greater than 14000 tonnes of plastic
waste) are discarded in landfills worldwide [16], and this
number continues to grow daily [17].

Wasted RO membranes could be used as a new
resource, prolonging the potential lifespan to limit the
dissemination of plastics in the environment [18]. At
present, the re-use of wasted RO membranes mainly
includes: i) recovery and direct re-use [6,19,20]; ii) re-use
as ultrafiltration and nanofiltration membrane [21,22];
and iii) splitting and re-use as biofilm-membrane reactors,
electrodialysis membrane or other uses [23-26].

The thin-film composite polyamide membrane used in
most RO systems currently comprises three layers: an
ultra-thin, dense, active or selective layer of aromatic
polyamide (< 200 nm), a microporous support layer of
polysulfone (40-60 pm), and a considerably thicker
nonwoven fabric structure base made in polyester
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(~120 pm) [16,27,28]. At present, the low resistance of
the RO membrane’s dense selective layer to oxidants and
the re-use of the skin layer account for most of the re-use
of wasted RO membranes. However, these methods have
complex treatment procedures and inconsistent
performance after treatment because of the different types
of contaminations of the epidermal layer. In fact,
although the active selective layer is crucial for the RO
membrane, the polyester base material, which acts as the
nonwoven fabrics structure base, has a higher mass ratio.
The recycling and re-use of the polyester base are
essential for energy conservation and emission reduction.
The polyester base material exhibits a lower degree of
damage for the wasted RO membrane than the upper
selective layer. Furthermore, the polyester base is easily
obtained by peeling off the damaged selective layer of the
wasted and dried wasted RO membrane.

As an important kind of chemical material, nonwoven
fabrics are widely used in particle capture [29], material
filtration [30], sewage treatment [31] and other fields.
Nonwoven fabric has recently garnered popularity,
especially in oil-water separation. For example,
polyamide meshes and nonwoven fabrics were pre-etched
using plasma and then coated by the hybrid
polydopamine/cellulose to achieve highly efficient
oil-water separation [32]. A gravity-driven oil-water
separation using polypropylene-wood pulp fibre
composite nonwoven fabric (PWNF) was also reported.
PWNF develops an underwater oleophobic nature after its
immersion in the deionized water for 5 min, with an
underwater kerosene contact angle of 137.65° +4.27° [33].
Hydroxyethylcellulose and poly(acrylic acid) were
selected in the research of poly(ethylene terephthalate)
(PET) nonwoven fabric to form a complex membrane on
the PET’s surface via layer-by-layer assembly for
separating water-in-oil emulsions. The membranes were
further modified with thermally and chemically induced
cross-linking  methods, respectively, to  obtain
hydrophobicity. The modified membranes displayed
excellent separation efficiencies with a rejection rate of
more than 99.4% for all tested water-in-oil emulsions
[34]. For other nonwoven fabrics, a facile and easily
scaled-up approach based on thermal bonding and one-
step solution immersion has been successfully developed
to prepare the polypropylene/low-melt-point polyester
nonwoven fabrics with high separation efficiency and oil
flux. Thermal bonding by hot press and hydrophobic
treatment with 1H,1H,2H,2H-perfluorodecyl-1-thiol are
used to manufacture oil-water separation nonwoven
fabrics, where the separation efficiency is 97%—-99% and
the oil flux is 62364.92 L-m 2-h™! [35].

Although many studies have been conducted on
oil-water separation materials, there is no report about re-
using the wasted RO membrane for oil-water separation.
The polyester base of wasted RO membrane re-used as
oil-water separation materials was investigated in this
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study. This work could pave a new path for the re-use of
discarded RO membranes.

2 Experiment

2.1 Materials

The polyester base material was obtained from wasted
RO membranes of LCLE-4040 (RO;, wasted RO
membrane for marine use). Titanium dioxide (TiO,, P25),
petroleum ether, carbon tetrachloride, methylene blue and
Sudan III were purchased from Shanghai Macklin
Biochemical Co. Ltd. (China). 1H,1H,2H,2H-Perfluoroo-
ctyltrichlorosilane (PFOTS) was purchased from Aladdin
Chemistry Co. Ltd. (China). Citric acid, ethanol, sodium
dodecylbenzenesulfonate and sodium hyposulphite were
purchased from Fuchen (Tianjin) Chemical Reagent
Co. Ltd. (China). All chemicals and reagents were used as
received without additional purification.

2.2 Treatment of the wasted reverse osmosis membrane

The RO; was cut into a size of 70 mm % 50 mm. The
polyester base material was obtained by directly tearing
off the functional and supporting layers (Fig. S1, cf.
Electronic Supplementary Material, ESM). For ultrasonic
cleaning, the polyester base material was kept in a
cleaning solution for 1 h (the cleaning solution comprised
3 wt % citric acid, 0.5 wt % sodium dodecylbenzene-
sulfonate, 0.2 wt % sodium hyposulfite and 96.3 wt %
deionized water). Then, it was cleaned with deionized
water and ethanol for 30 min, respectively. Finally, it was
dried in an oven at 80 °C to obtain a clean polyester base
material as the original membrane (M,).

2.3 Preparation of the hydrophobic membrane

The modified membrane was prepared as follows. First, a
certain amount of TiO, was dispersed in 400 mL of
deionized water and subjected to ultrasound for 10 min.
Next, the M, was immersed in the prepared TiO, solution
and subjected to ultrasound for 30 min. Following
ultrasonication, the membrane was soaked in the prepared
TiO, solution for 30 min to remove any residual TiO,
particles. Then, the membrane was removed and dried in
an oven at 80 °C for 30 min to obtain a TiO,-loaded
membrane.

Second, a specific amount of PFOTS was dissolved in
400 mL of ethanol and treated with ultrasound for 10 min.
Next, the TiO,-loaded membrane was immersed in the
prepared PFOTS solution and subjected to ultrasound for
30 min. It was then soaked in deionized water for 30 min
to wash away the ethanol. Finally, the membrane was
dried under vacuum at 80 °C for 30 min to produce a
PFOTS-modified membrane (Fig. 1).
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Fig. 1 Schematic illustration of the fabrication process and oil-water separation performance of the modified membrane.

2.4 Characterization

The surface morphology of prepared membranes and the
elemental composition were characterized by a scanning
electron microscope (SEM, ZEISS-MERLIN-Compact,
Germany) equipped with an energy dispersive X-ray
spectrometer (EDS) under an accelerating voltage of
5.0 kV. The contact angle (CA) was measured using a
contact angle analyzer (SCA20, Germany) with a 2.5-pL.
distilled water droplet at room temperature to determine
the changes in the hydrophobicity of the membrane
surface. The CA value of each membrane was the average
of five independent measurements. The chemical composi-
tion in each sample was evaluated via Fourier-transform
infrared spectroscopy (FTIR, STA6000-TL9000-MS,
USA) and X-ray photoelectron spectroscopy (XPS,
ESCALAB250Xi, UK). The FTIR spectra were collected
at a scanning range of 4000400 cm™' by cumulating 20

scans at ambient temperature with a resolution of 2 cm™!.

2.5 Separation performance evaluations

The membrane was fixed on the separation equipment
having a diameter of 40 mm. Oil (carbon tetrachloride)
was poured into the separation equipment equipped with
a different membrane. The oil flux (F,) of the membrane
was calculated from the following equation:

V()

Fo= 2t M
where V_ is the oil volume (L), 4 is the effective filtration
area of membrane (m?) and T is the permeation time (h).

The oil-water mixtures (30:70, v/v) were poured into
the separation equipment, and the separation test was
conducted by gravity alone to compare the oil/water
separation efficiency among different membranes.
Carbon tetrachloride was used as the oil phase in this
experiment. The separation efficiency (R)) of the
membrane was calculated as follows:

M 100%, )
)

where m, is the weight of oil (g) in the feed and m, is the
weight of oil in the filtrate (g).

R,

After the filtration process, the tested membrane was
placed in an oven at 80 °C for drying. It was then re-used
for the subsequent oil-water separation. The flux
recovery rate was used to evaluate the membrane’s
stability. The flux recovery rate (FRR) was calculated as
follows:

F
FRR = =~ x 100%, 3)
Fy

where F| is the first tested oil flux (L-m2-h7!) and F,is
the nth tested oil flux (L-m >-h™").

3 Results and discussion

3.1 Analysis of orthogonal experiments

The separation performance of the modification
membrane is closely related to preparation conditions
such as mass concentration of TiO,, the volume
concentration of PFOTS, and the deposition times of
TiO, and PFOTS. An orthogonal experiment was
designed to determine the optimal preparation conditions
of modification by investigating the effects of preparation
conditions on separation performance. The optimal
conditions were determined by analyzing the CA, oil flux
and oil-water separation efficiency. Table 1 presents the
results of the orthogonal experiment. Table 2 shows the
testing indexes. Four factors with three levels involving
nine membranes are present. These four factors are the
mass concentration of TiO, (Cy), TiO, deposition time
(¢,), the volume concentration of PFOTS (Cp) and PFOTS
deposition time (#,). The testing indexes are the water
contact angle C4, oil flux F,, and oil-water separation
efficiency R,

Table 2 also presents the results of the orthogonal
analysis, which is shown as follows. Figures S2 and S3
(cf. ESM) present the detailed data of the orthogonal
experiment. When the C4 was used as the testing index,
the priority of preparation conditions was expressed as
Cr >t > t, > Cp, corresponding to the optimal
preparation conditions of 0.25 g-'L™!, 15 min, 0.75 mL-L™!
and 10 min, respectively. When F| was used as the testing
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Table 1 Programme of the orthogonal experiment

Factor Index
Membrane
number Cy/ t,/ Cy/ t,/ c4/ F/ R/
(gL min mLLY) min () CmZ>h) %
M, 0.125 5 1.00 5 108.7 236.14 97.9
M, 0.125 10 0.50 10 1258 237.36 97.6
M, 0.125 15 0.75 15 1297 231.48 97.5
M, 0250 5 0.75 10 131.6 190.24 97.2
M 0.250 10 1.00 15 1333 184.98 97.4
M 0.250 15 0.50 5 134.3 192.62 97.9
M, 0500 5 0.50 15 1258 193.32 99.3
M, 0.500 10 0.75 5 128.7 188.67 98.2
M, 0.500 15 1.00 10 134.1 170.27 95.6
Table 2 Results of the orthogonal experiment
Index Parameter Cr t Cp t
CA Kl 121.4 122.0 125.4 123.9
K2 133.1 129.3 128.6 130.5
K3 129.6 132.7 130.0 129.6
R 11.7 10.7 4.6 6.6
Priority Cr>1>6>G
F, K1 23499 20656  197.13  205.81
K2 189.28 203.67 207.77 199.29
K3 184.09  198.12 20346  203.26
R 523.14 12.27 19.09 7.20
Priority Cr>Co>1> 1y
R, K1 97.67 98.13 98.27 98.00
K2 97.50 97.73 97.63 96.80
K3 97.70 97.00 96.97 98.07
R 0.20 1.13 1.30 1.27
Priority Co>1,>1,>Cp

1 jum

1" o
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index, the priority was expressed as C; > Cp, > ] > t,,
corresponding to the optimal conditions of 0.125 g'L™!,
5min, 0.75 mL-L™! and 5 min, respectively. When R, was
used as the testing index, the priority was presented as
t, > Cp > t, > C;, corresponding to the optimal conditions
of 0.500 gL', 5 min, 0.50 mL-L™" and 15 min, respec-
tively. The oil flux in each run of the experiment was
more than 170 L-m 2-h™!, and the gap between each other
was within 100 L-m 2-h™!. This finding shows that the
preparation conditions exerted a little effect on the oil
flux. Similarly, the oil-water separation efficiencies in
each run of experiments were all above 95%, suggesting a
slight influence of preparation conditions on the
separation efficiencies. Finally, the C4 was determined to
be used as the testing index.

The SEM results of modified membrane M,-M, (Fig. 2)
reveal that the surface of the modified membrane
gradually shows particle aggregation and gradually
becomes rough with the increasing mass concentration of
TiO,. There were few particles on the membrane when
the mass concentration of TiO, was 0.125 gL (Fig. 2
(M;, M,, M;)). When the mass concentration of TiO,
added to the reaction solution was increased to 0.25 g-L~!
(Fig.2 (M,, Mi, M), the TiO, particles on the
membrane were also increased. In addition, the
membrane surface showed a uniform and dense
distribution of TiO, particles. When the mass
concentration of TiO, increased to 0.5 g'L7! (Fig. 2 (M,
Mg, My)), the TiO, particles on the membrane increased
significantly and began to accumulate, and the surface

Fig.2 SEM images of modified membrane M,—M,.
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became much rougher. It can be concluded that the
optimal concentration of TiO, was 0.25 g'L7!, which is
consistent with the CA’s optimal preparation condition.
The membrane prepared under optimal conditions is
marked as My, in the following figure.

3.2 Membrane characterization
Figure 3 shows the surface morphology of the polyester

base material before and after modification. Figures 3(a,
e) depict that the unmodified membrane exhibited clean

Element  wt% at%

CK 8089
OK 1911

84.94
15.06

FKal 2
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and smooth fibres. Following the modification of
individual TiO,, TiO, nanoparticles were anchored onto
the surface (Figures 3(b, e)). Because PFOTS molecular
layer cannot be observed in the SEM images, no
noticeable difference was present between the TiO,-
loaded membrane (Figures 3(b, e)) and TiO, + PFOTS-
loaded membrane, My, (Figures 3(c, f)).

EDS was used to confirm the membrane’s chemical
composition. Figure 4 shows the chemical composition of
M, and M. Only carbon and oxygen were detected from

Element  wt% at%
CK 49.11 62.76
O K 30.30 29.07
F K 3.00 243
Si K 0.28
Ti K 17.07 5.47

Fig. 4 EDS images of the (a) unmodified membrane, (b) TiO, + PFOTS-modified membrane. (c, d) EDS mapping images of C, O
elements on the unmodified membrane, and (e-i) C, O, F, Ti, Si elements on the modified membrane.
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oxygen. Large amounts of titanium, silicon and fluorine
were observed on My, indicating that My has been
successfully modified. Moreover, My’s corresponding
EDS mapping images in Figs. 4(e—i) show that C, O, F, Si
and Ti elements were evenly distributed on My,
indicating the full and uniform coverage of TiO,
nanoparticles grafted with fluorine polymers on Mj.
Consequently, the large rough structures combined with
pretty low surface energy, produced by the C—F bond in
PFOTS, could provide the MB surface with a large area
to trap air but repel water, imparting the modified fabric
with excellent hydrophobicity.

Figure 5 shows that the change of surface groups in the
membrane can be distinguished from FTIR and XPS
spectra. In the FTIR spectra (Fig. 5(a)), the new vibration
bands at 1296 and 1278 cm™! in M, were assigned to the
C-F of PFOTS [36], indicating PFOTS was successfully
attached to the surface of the membrane. Characteristic
peaks of C 1s and O 1s were detected in the XPS survey
spectra of all membranes (Fig. 5(b)). Following the
modification of TiO, and PFOTS, an obvious signal of F
KLL, F 1s, Ti 2p and Si 2p was found at around 835, 689,
463 and 103 eV, respectively. Moreover, the high-
resolution C 1s spectrum of M,, (Fig. 5(c)) revealed three
signals at 284.8, 286.4, and 288.8 eV, which were mainly
assigned to the C-C/C-H, C-O-C and C=0/0-C=0
groups, respectively. Compared with the high-resolution
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C 1s spectrum of the M, there were two new signals at
291.3 and 293.6 eV, which were mainly assigned to the
CF, and CF, groups, respectively, in PFOTS. The FTIR
and XPS spectra results also demonstrated the successful
introduction of TiO, and PFOTS on the membrane
surface.

The CA is an important parameter for reflecting the
wettability of membranes, which considerably influences
the pure water flux. Figure 6 shows the CA of the
modified membrane (Mg) with various solutions of water
(dyed with methylene blue), milk, juice, vinegar and tea,
etc. The C4 of My reached 135.2° £ 0.3°, which was
significantly greater than the unmodified membrane (M)
with 67.2° = 1.9°, showing a better hydrophobic
performance. The modified membrane demonstrated
better hydrophobicity because PFOTS generated long-
chain fluorine molecules on the surface. The increasing
surface roughness was also beneficial to the hydrophobic
property of the membrane, which is consistent with SEM
[37]. PFOTS have low surface energy. The tightly bonded
non-bonded electron pairs in C-F bonds are not easily
polarized and hinder hydrogen bonds’ interactions and
dispersions with polar and non-polar liquids. This non-
attractive behaviour increases with the degree of fluorine
substitution for each carbon centre (i.e., CF; > CF, > CF)
and depends on the length of the perfluoroalkyl chain
[38].

(b)

Intensity

1400 1200 1000 800 600 400 200 0
Binding energy/eV

(d)
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— Fitting curve

Intensity

208 296 294 292 290 288 286 284 282 280
Binding energy/eV

Fig.5 Physicochemical characterization: (a) FTIR spectra of the pristine (M,)) and modified membrane (Mg); (b) XPS spectra of
the pristine (M,;) and modified membrane (My); high-resolution C 1s spectrum of (c) M, and (d) M.
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Fig. 6 Wettability of the hydrophobic coating with various solutions and C4 of M,

3.3 Oil-water separation

The dead-end filter device is used to perform the
oil-water separation test of the modified membrane under
gravity. Oil-water separation tests were conducted in
three systems: light oil/water (petroleum -ether/water)
system, heavy oil/water (carbon tetrachloride/water)

system and light oil/water/heavy oil (petroleum
ether/water/carbon tetrachloride) system. Figure 7 shows
the results of the oil-water separation experiment.
Because of the hydrophobicity of the modified
membrane, water could not pass through after contacting
the modified membrane and not achieve oil-water
separation for the petroleum ether/water (Fig. 7(a))

Fig.7 The oil/water separation process of (a) petroleum ether/water system; (b) carbon tetrachloride/water system; (c) petroleum
ether water/carbon tetrachloride system, the water is blue (methyl blue dyeing), and the oil is orange-red (Sudan III dyeing).
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Fig. 8 (a) Separation efficiencies of My for carbon tetrachloride/ water system with different cycles. (b) The FRR of My, for three

oil testing systems with different cycles.

system. Carbon tetrachloride could normally pass in the
carbon tetrachloride/water (Fig. 7(b)) system. The water
is completely trapped on the membrane. In the petroleum
ether/water/carbon tetrachloride (Fig. 7(c)) system, the
water was completely trapped on the surface of the
modified membrane after carbon tetrachloride passed
through the modified membrane. In contrast, petroleum
ether could not pass through because it floats on the
water’s surface.

Carbon tetrachloride and carbon tetrachloride/water
systems were selected to test the modified membrane’s
permeation flux and separation efficiency. The oil flux of
M, is only 157.89 + 3.30 L-m >-h"!, which is lower than
the oil flux of M of 242.34 £ 9.63 L-m™2-h™ L. This result
indicated that the modified membrane exhibited a
significant increase in oil flux. Furthermore, the oil-water
separation efficiency of the modified membrane also
showed an apparent increase from 0 to 97.8%.

The stability measurement was conducted to evaluate
the sustainability of the modified membrane (Fig. 8).
During the 20 cycles test, for the carbon
tetrachloride/water system, the oil-water separation
efficiency was kept at a high level of 96% for the carbon
tetrachloride/water system. The modified membrane
exhibited a good FRR for different oil testing systems,
such as methylene chloride, petroleum ether, and carbon
tetrachloride. Figure 8(b) shows that the oil FRR
exhibited about 20% decrease after five cycles.

4 Conclusions

In this work, a simple and efficient surface modification
strategy, TiO, and PFOTS deposition, was successfully
used to modify the base nonwoven fabric layer of the
wasted RO membrane to improve its hydrophobic
property. The orthogonal experiment revealed the
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concentration, PFOTS volume concentration, and the
deposition times of TiO, and PFOTS: 0.25 g'L! of TiO,
mass concentration, 15 min of TiO, deposition time, 0.75
mL-L™" of PFOTS volume concentration and 10 min of
PFOTS deposition time, respectively. The optimally
modified membrane showed good hydrophobicity and
oil-water separation performance, the CA could reach
135.2° + 0.3° and the oil-water separation performance
was as high as 97.8%. This outcome provides a
consistently high oil filtrate FRR (> 80%) in various oil
systems and excellent oil-water separation performance
(> 96%) in treating carbon tetrachloride/water system
during the 20 cycles of testing. In summary, this study
developed a durable and sustainable membrane for
oil-water separation and provided an effective method for
the reutilization of wasted RO membrane.
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